The protozoan Trypanosoma cruzi (T. cruzi) is a well-adapted parasite to mammalian hosts and 11 the pathogen of Chagas disease in humans. As both host and T. cruzi are highly genetically diverse, 12 many variables come into play during infection, making disease outcomes difficult to predict. One 13 important challenge in the field of Chagas disease research is determining the main factors leading 14 to parasite establishment in the chronic stage in some organs, mainly the heart and/or digestive 15 system. Our group previously showed that distinct strains of T. cruzi (JG and Col1.7G2) acquired 16 differential tissue distribution in the chronic stage in dually-infected BALB/c mice. To investigate 17 changes in the host triggered by the two distinct T. cruzi strains, we assessed the gene expression 18 profile of BALB/c mouse hearts infected with either JG, Col1.7G2 or an equivalent mixture of 19 both parasites during the initial phase of infection. This study demonstrates a clear distinction in 20 host gene expression modulation by both parasites. Col1.7G2 strongly activated Th1-polarized 21 immune signature genes, whereas JG showed only minor activation of the host immune response. 22 Moreover, JG strongly reduced the expression of genes for ribosomal proteins and mitochondrial 23 proteins related to the electron transport chain. Interestingly, evaluation of gene expression in mice 24 inoculated with the mixture of parasites showed expression profiles for both up-and down-25 regulated genes, indicating the coexistence of both parasite strains in the heart during the acute 26 phase. This study suggests that different strains of T. cruzi may be distinguished by their efficiency 27 in activating the immune system, modulating host energy and reactive oxygen species production 28 and decreasing protein synthesis during early infection, which may be crucial in defining parasite 29 persistence in specific organs.
Introduction
where T. cruzi parasites are predominant in the chronic phase, such as adipocytes, cardiomyocytes, 145 skeletal fibers, and neurons, are the cells with minor turnover rates in mammals [35] and may 146 represent tissues that can harbor latent parasites for long periods. 147 Heart transcriptome acquisition, quality assessment, and gene clustering 148 To help us to understand the modulation of heart gene expression by parasite infection, we infected 149 BALB/c mice with the JG, Col1.7G2 and an equal mixture of both strains (Fig 2A) . mRNA from 150 independent biological replicates of each group was sequenced to generate up to 120 million 151 paired-end reads in total (S1 Table) , followed by processing through our RNA-Seq analysis Col1.7G2 and JG-infected groups, while the mixed infection were distributed between both 157 profiles ( Fig 2B) . The relationship among samples was revealed using a heatmap of the Euclidean 158 distances between samples. As seen before, experimental and control groups clustered separately, 159 and Col1.7G2 and JG groups are shown to be distinctive. Interestingly, the mixture group shows 160 moderate similarity among samples from each infected mouse, but the control group does not ( Fig   161   2C ).
162
Revealing the Differentially Expressed Genes (DEGs) 163 We found approximately 16,400 genes expressed in mouse hearts in all experimental groups (S2 164   Table) . 2,583 (S3 Table) genes presented a minimum 2-fold change (1 log2 Fold Change) with a 165 1% false discovery rate (FDR) when comparing infected groups to the control non-infected groups 166 and were considered differentially expressed genes DEGs. From these, 2,396 genes are protein 167 coding, 47 are long intervening noncoding RNA (lincRNA), and 140 belong to other biotypes (S4 168   Table) . The distribution of DEGs in each group is represented by volcano plots (Fig 3A-C At the acute stage of the mixed infection, it is improbable that many host cells are infected by both 176 strains, since we inoculated mice with a very low load of parasites in both single and mixed 177 infections. Therefore, based on the observation that in the acute phase of mixed infection, hearts 178 present both JG and Col1.7G2 expression patterns, but in the chronic phase, Col1.7G2 seems to 179 be eliminated from this organ, as seen by Andrade et al., 1999 , we suggest that JG proliferates at 180 a higher rate than Col1.7G2, predominating in the heart in the chronic phase. This hypothesis 181 corroborates previous reports showing that both JG and Col1.7G2 were detected in the hearts of 
187
We asked if the transcriptome profile of infected mice would differ between T. cruzi strains. Thus, 188 we investigated whether DEGs are shared or exclusively expressed in a specific experimental group, as shown in a Venn diagram ( Fig 3D) . A total of 501 (25%) DEGs are shared among all 190 groups and can represent genes intrinsically influenced by the T. cruzi infection (S5 Table) . (synergistic effect) or if it is merely the sum of the impact of both strains [25, 37, 38] . We 199 concluded that the mixed infection is much more similar to the sum of every infection than 200 previously understood. We examined the FDR distribution of exclusive DEGs from Col1.7G2, JG 201 and Mixture-infected groups that were not considered as DEGs in the other groups ( Fig 3E) .
202
Notably, an accumulation of mixture-exclusive DEGs close to the threshold to also be considered 203 a DEG (FDR < 0.01) in the JG or Col1.7G2 groups, but this tendency was not observed for 204 exclusive JG DEGs present in the Col1.7G2 group and vice-versa, demonstrating that these two
We next asked which biological processes are mainly represented by DEGs, and whether 212 differences could be detected in the more representative categories when comparing the different 213 groups. To achieve this, we separately analyzed the genes upregulated and downregulated upon 214 JG, Col1.7G2, or mixture infection versus uninfected control in mouse hearts for functionally 215 enriched biological processes (GO -Gene Ontology analysis) ( Fig. 4 and S6 Table) . For 216 upregulated genes, we found that all groups present significantly enriched biological processes 217 related to the innate, adaptive immune, and inflammatory responses of the host against the 218 pathogen (among the top 30 most represented GO categories in these groups - Table S6 ). We also 219 found significantly enriched categories of cellular response to interferon-beta and gamma, and presented the lowest number of DEGs in the upregulated categories ( Fig 4B) . Notably, both the 225 mixture and Col1.7G2-infected groups presented enriched biological processes with statistical 226 significance (-log10 pvalue) that were higher than those encountered in the JG-infected group.
227
This observation correlates with previous studies showing that JG leads to lower cytokine 228 production and immune system activation during acute infection [25] . Every DEG encountered in 229 each GO is available in the supplementary material (Table S7) , as well as all non-DEGs from the 230 background (Table S8 ).
231
Remarkably, the enriched biological processes observed in the mixture-infected group are 232 consistent with those seen in the individual infected groups ( Fig 4C) . For instance, a high number 233 of upregulated genes were related to immune response (Col1.7G2 profile), and a high number of 234 downregulated genes were related to translation, ATP synthesis and respiration (JG profile). 235 Hence, the coexistence of both profiles in the mixture is substantial evidence of the presence of particularly during the early phase ( Fig 5B) . It is worth noting that the Mixture-infected group 248 displays a rich immunological network and also mitochondrial related gene downregulation, 249 evidencing the concurrently presence of Col1.7G2 and JG-infected cells ( Fig 5C) .
250
To visualize the effect of JG and Mixture-infected downmodulation of genes that play specific 251 roles within the mitochondria, we generated a heatmap from the KEGG database. The complete 252 expression data of all genes and experimental groups are presented in the supplementary material 253 (S2 and S3 Table) . Notably, from the 13 protein-coding genes of the mitochondrial genome, 7 genes (Nd1, Nd2, Nd4, Nd5, Nd6, Co1 and Cytb) were downregulated in all experimental groups.
255
In the JG-and Mixture-infected animals, they were almost four-fold downregulated and were 256 approximately two-fold downregulated in the Col1.7G2-infected group (S3 Table) . In addition, 257 large and small ribosome subunits were significantly downregulated in the JG-infected but not in 258 the Col1.7G2-infected group (Fig 6A) . Interestingly, metabolic pathways, such as Oxidative 259 phosphorylation ( Fig 6B) and Citric acid cycle were strongly downregulated in JG and Mixture-260 infected animals when compared to Col1.7G2. As previously noted, these findings suggests that 261 JG promotes a drastic reduction in oxidative metabolism and protein synthesis in the infected 262 cardiac cells. Previous microarray studies showed the same oxidative phosphorylation previous studies have shown that ROS is a double-edged sword for T. cruzi parasites, as it acts as 268 a signaling molecule for T. cruzi replication in macrophages at low concentrations [43, 44] fibroblasts compared to WT [45] . Interestingly, the 8-oxo-dGMP MutT product may act as a stress 284 signal carrier, and OG DNA lesions might act as an epigenetic modification, which serves as a 285 sensor for oxidative stress, increasing gene expression [48] . Thus, the available evidence suggests 286 that the differential multiplication rate between different T. cruzi strains caused by sensing and 287 responding distinctively to ROS, may be crucial to determine the strain colonization in the heart 288 of mice, and possibly other mammals such as humans.
289
Next, we sought to visualize DEGs involved in the immune response detected as enriched 290 biological processes to capture differences between T. cruzi strains during the acute stage of 291 infection. To visualize DEGs involved with CD we accessed KEGG pathway 05142 which 292 evidenced a clear distinction between the JG-and Col1.7G2-infected animals ( Fig 6C) . As noticed 293 earlier, we observed that the JG-infected group exhibited weaker activation of several immune 294 response genes compared to Col1.7G2. For instance, in Col1.7G2-infected animals, Tlr9 and Tlr2 295 had a positive fold-change of approximately 5, relative to control animals, while the JG-infected 296 group showed a positive fold-change of 2.7 ( Fig 6C, Table S3 ). The high expression profile of 297 cytokines such as Ifn-γ, Il-6, Tnf and IL-12 observed in Col1.7 G2-infected animals corroborates 298 the previously described Th1 host response induced by T. cruzi [24] . However, JG-infected 299 animals exhibit lower expression of these same genes. Similar to the CXC and CC chemokines 300 involved in neutrophil and macrophage recruitment, transcriptional factors such as the Class II 301 Major Histocompatibility Complex Transactivator (Ciita) and Tbx21/Tbet, a well-known Th1 cell-302 specific transcription factors, also displays lower expression levels in the JG group compared to 303 the Col1.7G2 group (Fig 7C) . Notably, animals inoculated with a mixture of both parasites 304 generally exhibit the same pattern of immune response DEGs as the Col1.7G2-infected group.
305
This expression pattern suggests that the Col1.7G2 strain is more likely to be detected early by the 306 immune system and initiate a stronger immune response than the JG strain.
307
The evasion capability of each strain can further explain why there are differences in the expression 308 of genes involved in the immune response when animals are infected with different parasite strains.
309
From earlier studies, parasite-specific CD8+ T cells were not seen in the bloodstream of BALB/c 310 mice until day 9 of infection by the Y strain (a nonvirulent T. cruzi II strain similar to JG). To 311 prove whether this effect was due to immune evasion or immunosuppression, the authors 312 administered agonists of Tlr-2 and Tlr-9 to emulate immune system recognition prior to infection.
313
They showed that treated mice developed parasite-specific CD8+ T cells earlier than nontreated 314 groups [49] [50] [51] . Therefore, the lower expression of immune response genes by JG-infected animals 315 can be the result of an effective immune-system evasion of this strain, which could also be 316 responsible for the persistence of this parasite in the heart of BALB/c mice in the chronic phase of 317 the disease. One possible explanation for this evasion ability of T. cruzi is the transfer of sialic acid 318 from host proteins to parasite surface proteins, such as mucins. Indeed, some of the most well-319 studied surface proteins of T. cruzi, namely, mucins, mucin-associated surface proteins (MASPs) 320 and trans-sialidases (TSs) are strongly related to immune system evasion, cellular membrane adhesion and cellular invasion [52] [53] [54] [55] [56] . Nevertheless, T. cruzi I strains have fewer genes coding 322 for the mucin, MASP and TS families compared to T. cruzi II [57] .
323
To confirm the expression data obtained from the RNA-Seq, we performed qPCR for validation 324 (Fig 7) . Quantitative PCR data shows that the fold change of most tested genes corroborates the 325 reported RNA-Seq expression tendency. Highly upregulated genes in RNA-Seq analysis, such as 326 Cxcl9 and Igtp, are also seen to be upregulated by qPCR when compared to the Gapdh, and genes 327 coding for proteins acting in the mitochondria are seen to be downregulated by both methods. Data 328 represents one sample from each group with three technical replicates.
329
In the present work, we depicted the differential ability of two T. cruzi strains (JG and Col1.7G2) 330 to modulate gene expression in hearts of BALB/c mice at the acute phase of infection. We also 331 showed how the mixture of these T. cruzi strains affects host gene expression. We described two 332 major distinct behaviors: hearts of mice inoculated with JG or with the mixture of both strains 333 exhibit many genes from oxidative metabolism and translation downregulated compared to the 334 uninfected controls. However, hearts of mice inoculated with Col1.7G2 and with the mixture of 335 both strains showed a strong activation of genes from the innate and adaptive immune response 336 compared to noninfected hearts. Corroborating previous findings, we propose here that the 337 remarkable differences between the two T. cruzi strains in their ability to persist in BALB/c hearts 338 in the chronic stage of CD could be explained by differences in the higher intracellular proliferation 339 rate of JG and its ability to slowly activate the immune response of the host at the acute phase of 340 infection, in contrast to Col1.7G2, which strongly activates the host immune response and has a 341 slower proliferation rate in cardiomyocytes. JG parasites would also benefit from the robust 342 reduction of the overall energetic status of the cell and augmentation of ROS production to better 343 establish in the tissue (Fig. 8) . We suggest here that the different features of each T. cruzi strain, 344 such as ROS signaling, proliferation and immune system evasion, could determine the survival of 345 one strain over others and prevail in host tissues. Altogether, our research highlights the need for 346 a better understanding of the effect of T. cruzi polyparasitism, as well as the uniqueness of each T. 347 cruzi strain and its interaction with the host. 
Figure legends

